1. Introduction {#sec1-1}
===============

The central nervous system (CNS) is very complex, and trauma, disease, and infection of it is urgent problems to be solved, all of them are basically inseparable from resulting scars. Two types of scarring tissue are formed in the injured CNS. One is a fibrotic scar that is formed by fibroblasts, and the other is a glial scar, which consists of astrocytes, microglia, and other glial precursor cells\[[@ref1]\]. Once CNS is injured, fibroblasts invade the region of the lesion and interact to form glia limitans with astrocytes\[[@ref2]-[@ref4]\]. However, fibrotic scars do not always exist in CNS tissue repair, such as no fibrotic scar formation during the astrocytic reconstruction of the blood-brain barrier\[[@ref5],[@ref6]\]. Therefore, fibrotic scar does not play a key role in CNS tissue repair\[[@ref1]\]. On the contrary, a glial scar plays an important role. A glial scar is mainly caused by CNS trauma. The formation of a glial scar is mainly caused by the action of astrocytes, such as barrier forming, mitosis, and migration to the injured area to fill space\[[@ref7],[@ref8]\]. Astrocytes play a significant role in CNS injury response\[[@ref9],[@ref10]\]. The response of them varies with the location of the injury. The ones near the damaged tissues become hypertrophic, hyperplastic, and deformed. Moreover, the glial fibrillary acidic protein (GFAP) goes up\[[@ref11],[@ref12]\], the cells migrate\[[@ref13]-[@ref15]\], and the dense scar tissue begin to isolate the damaged area from the surrounding healthy tissue\[[@ref16]-[@ref18]\]. In general, the morphology, proliferation, and migration of astrocytes are the main causes of glial scar formation.

However, the research on the glial scar is mainly based on two-dimensional (2D) culture. Yu *et al*.\[[@ref19]\] used a sterile plastic pipette to scratch the astrocytes in the 2D culture to simulate the damage and compared the protein content to estimate the degree of injury. In addition, they found that the surrounding part of the damaged area had also suffered a certain degree of trauma. The response to the scratching can be mimicked and this kind of 2D scratch-would model is widely used. Kimura-Kuroda *et al*.\[[@ref20]\] constructed a glial scar-like structure by 2D coculturing of meningeal fibroblasts and brain astrocytes with transforming growth factor-β1 (TGF-β1). The model can inhibit the neurite outgrowth of neurons remarkably. In general, the traditional method of 2D cell culture cannot mimic the cell growth conditions *in vivo* and the physiological activities of normal cells. Hence, it cannot reflect the nature glial scar tissue properly. However, the three-dimensional (3D) model is expected to be able to express the glial scar effect from a more comprehensive level. Spencer *et al*.\[[@ref21]\] constructed a kind of glial scar model that combines linear actuators to simulate axial Micro Motion around neural implants in a collagen gel. They found that local strain fields could stimulate the formation of the glial scar. Rocha *et al*.\[[@ref22]\] built a 3D culture system mimicking the glial scar by the alginate gels embedded with astrocytes cultured in meningeal fibroblast conditioned medium. The model behaved similarly to that of the glial scar, for initiating changes in gene expression and inhibiting neuronal outgrowth. In this study, a 3D astrocytes model with collagen gel is constructed to mimic the glial scar tissue (hypertrophy and hyperplasia). The rate of gel contraction is dependent on the density of the cells within the block as well as the migration and proliferation of astrocytes.

2. Materials and Methods {#sec1-2}
========================

In the paper, a 3D tissue was constructed using collagen gel with astrocytes, and the contraction of the tissue was examined by microscope. The immunofluorescence results of the cells were observed by laser scanning confocal microscope (LSCM). Scanning electron microscope (SEM) was used to analyze the morphology and pore size of the surface and section of the tissue. The specific process is shown in [Figure 1](#F1){ref-type="fig"}.

![The flow chart of the experiment.](IJB-5-235-g001){#F1}

2.1 Cell Isolation and Culture {#sec2-1}
------------------------------

Primary astrocytes were extracted from the cortices of 1-day-old mouse pups (Kunming strain, FMMU, Xi'an). The cortical tissue was removed and immersed in HBSS (Hank's balanced salt solution) (14175-095, Gibco, USA) at 4°C. The tissue was cut into pieces and digested with 0.25% trypsin (0458, Amresco, USA) for 20 min at 37°C and was transferred to complete Dulbecco's modified eagle medium (DMEM) media containing DMEM (SH30022.01, HyClone, USA), 20% fetal bovine serum (FBS), 10270-106, Gibco), and 1% penicillin/streptomycin (P1400-100, Solarbio, USA). Finally, the medium was filtered through a 40-μm cell strainer (352340, Falcon) to dissociate the astrocytes. The isolated astrocytes were re-suspended in complete DMEM media containing 20% FBS (10270-106, Gibco) and 1% penicillin/streptomycin (P1400-100, Solarbio) at 37°C with 5% CO~2~. The medium was changed every 2 days, and the cells at passage three were used for the experiment.

2.2 Cell Encapsulation {#sec2-2}
----------------------

A rat tail-derived type I collagen solution (4 mg/mL in 0.1 M glacial acetic acid) was mixed with complete DMEM media at a ratio of 1:3. The pH value of the collagen and medium solution was adjusted to 7.4 before it was used to resuspend the cells at the specified concentration at 4°C. The mixture of collagen solution and astrocytes (5 × 10^5^ cells/mL, 1 × 10^6^ cells/mL, and 2 × 10^6^ cells/mL) was molded into 10 × 10 × 2 mm^3^ block for SEM study, macroscopic determination and immunofluorescence staining. The mixture was also molded into 6 × 6 × 6 mm^3^ block for material properties tests. The samples were kept at 37°C for 40 min to cure. The embedding process is shown in [Figure 1](#F1){ref-type="fig"}. Then, the tissue blocks with cells were cultured in complete DMEM media at 37°C with 5% CO~2~. The collagen gels embedded in 5 × 10^5^ cells/mL, 1 × 10^6^ cells/mL, and 2 × 10^6^ cells/mL were marked Group 0.5, Group 1, and Group 2, respectively.

2.3 Macroscopic and Microcosmic Determination Collagen Gels {#sec2-3}
-----------------------------------------------------------

The collagen gel blocks of 10 × 10 × 2 mm^3^ were observed under the inverted fluorescence microscope (Ti-S, CHANSN, China) for macroscopic determination. The inverted fluorescence microscope software NIS was used for measuring the side lengths of the block. The side of 10 × 10 mm^2^ was the measured object. The area of this face was calculated.

SEM was used for microcosmic determination. The 10 × 10 × 2 mm^3^ and 6 × 6 × 6 mm^3^ collagen gel blocks were both fixed with 4% paraformaldehyde for an hour. The 10 × 10 × 2 mm^3^ blocks were freeze-dried by freeze dryer (VFD2000, BIOCOOL, China) overnight directly. The 6 × 6 × 6 mm^3^ blocks were sliced with a freezing microtome (CM1860, Leica, German) for section views before freeze-drying. Each slice was 40 μm. After metal spraying, the freeze-dried tissues were examined using SEM (su-8010, Hitachi, Japan).

2.4 Material Mechanical Properties Tests {#sec2-4}
----------------------------------------

The 6 × 6 × 6 mm^3^ collagen gel blocks were used for the determination of the compression elastic modulus in a microcomputer-controlled universal testing machine (ETM103A, Shenzhen Wance Testing Equipment Company limited, China). Before measuring, the gel blocks were fixed with 4% paraformaldehyde for an hour. And then, each of them was placed on the platform of the microcomputer-controlled universal testing machine, and the liquid on the surface of the block was removed by a plastic pipette. The loading speed was set to 2 mm/min and the compression stroke was set to 1 mm. Three samples were tested for each group.

2.5 Immunofluorescence Staining {#sec2-5}
-------------------------------

The embedded astrocytes were fixed with 4% paraformaldehyde for an hour and washed with 1× PBS (phosphate-buffered saline, HyClone, SH30256.01) 6 times at 10 min intervals. Then, the method of freezing slice was used to obtain 40 µm thickness slices for the immunofluorescence staining of the embedded cells. Afterward, the slices were incubated in 1× PBS with 5% goat serum (AR0009, Boster, USA), 1:200 diluted primary antibody GFAP (3670S, CST, USA) and 0.3% Triton X-100 (T8200, Solarbio) overnight at 4°C. The tissues were then washed with 1× PBS 6 times at 10 min intervals. Next, the tissue was incubated in 1× PBS with 5% goat serum, 1:200 diluted secondary antibody goat anti-mouse IgG, FITC-conjugated (CW0113S, CWBIO, China), and 0.3% Triton X-100 for 4 h. Subsequently, 4,6-diamino-2-phenyl indole (DAPI) (AR1176, Boster) was added for an additional 10 min. Finally, the tissues were washed 6 times in 1× PBS at 10 min intervals and observed under a LSCM.

3. Results {#sec1-3}
==========

3.1 Morphology and Proliferation of Astrocytes Embedded in Collagen Gel {#sec2-6}
-----------------------------------------------------------------------

After 8 days of cultivation, the astrocytes were distributed throughout the collagen gels and demonstrated typical stellate morphologies, and widespread process extension was observed. The process extension of the astrocytes became longer ([Figure 2](#F2){ref-type="fig"}). To measure the proliferation, the cells were observed by laser confocal microscopy in 3D space style. DAPI was used to stain the nuclei and the concentration was obtained by dividing the number of DAPI (cells) by the volume of the 3D space. According to the results, the number of cells in the three groups increased with the increase of culture time ([Figure 3](#F3){ref-type="fig"}). In the first 4 days, the number of cells in Group 0.5 was always lower than in Groups 1 and 2, and the concentration was below 1.5 × 10^6^ cells/mL. The astrocyte process extension was also poorer compared to the other groups ([Figure 2](#F2){ref-type="fig"}). On day 8, the cell concentration increased to 1.9 × 10^6^ cells/mL, and then the cells were able to communicate and extend more easily. Compared with it, the cell densities of Group 1 and Group 2 were larger, so did the number of the cells. In particular, the length of the protrusion extension was higher, and the cell proliferation was faster in Group 2. In addition, the further longer protrusions of the cells occurred in Group 1 and Group 2 on day 4. At the same time, the proliferation did not stop, and the cell concentration was 4.5 × 10^6^ cells/mL for Group 2 and 3 × 10^6^ cells/mL for Group 1. On day 8, the cell density increased further, and the cell concentration was 7.4 × 10^6^ cells/mL for Group 2 and 4.7 × 10^6^ cells/mL for Group 1. Especially in Group 2, the cells were still in a discrete state in some regions, with a high degree of process extension. However, the cells aggregated in many areas of Group 2. The number of cell nuclei stained with DAPI increased obviously, and a large number of cells clustered together and became denser.

![Immunofluorescence staining of different gradient concentration astrocytes embedded in collagen gel on day 1, day 2, day 4, and day 8. The astrocytes stained with glial fibrillary acidic protein (green) and nuclei stained with DAPI (blue). Scale bar: 50 μm.](IJB-5-235-g002){#F2}

![Proliferation of astrocytes of different concentration astrocytes embedded in collagen gel, n=4.](IJB-5-235-g003){#F3}

3.2 The Deformation (shrinkage) of Tissue Blocks {#sec2-7}
------------------------------------------------

The size of the collagen gel block was 10 × 10 × 2 mm^3^ and the side of 10 × 10 mm^2^ was selected as the observation object. The vertical direction along the gel tissue was the observation direction. The area of the collagen gel blocks without cells did not change, but the embedded astrocytes ones shrank. The degree of shrinking depends on cell concentration and the days of culture ([Figure 4](#F4){ref-type="fig"}). The area of collagen gel of Group 0.5, Group 1, and Group 2 continued to shrink with the increase of culture time, and the degree of contraction was positively correlated with the concentration of embedded cells and culture time.

![(**A**) The collagen gel blocks with different concentration astrocytes under the microscope. (**B**) The area of collagen gels changes with different concentration astrocytes, *n*=5.](IJB-5-235-g004){#F4}

The transparency of the gels also changed during the process of shrinking. As the astrocytes proliferated and migrated, the water was squeezed out, and the area was reduced continuously. When the collagen gel had just been constructed, the gel was almost transparent, but it gradually became opaque ([Figure 4A](#F4){ref-type="fig"}). When the area of gel block shrank by 60% or more, the four corners of the block began to disappear and changed to an ellipsoid or sphere gradually. From the front view of the collagen gel block, the block was thickened in the vertical direction and the middle part of it became more and more abrupt. As the concentration of the embedded cells and the culture day increased, the lateral direction of the model was gradually shortened, the vertical direction was gradually increased, and the central portion was arched. With the process of culture, the original rectangular section became ellipsoid and gradually approximated to spherical shape at the end of the culture. On day 8, the shape of the collagen gel blocks of Group 0.5, Group 1, and Group 2 had been changed into ellipsoids or spheres and the areas of them were about 8.9%, 6.3%, and 4.5% of their initial areas, respectively ([Figure 4B](#F4){ref-type="fig"}).

3.3 Effects of Astrocytes on Collagen Gel Blocks Surface {#sec2-8}
--------------------------------------------------------

SEM tests of the surface of the samples on day 4 were carried out to analyze the reason of collagen shrinkage. The SEM images of collagen gel blocks surface showed that the embedded astrocytes and no cells blocks were quite different. The surface morphology of collagen gel blocks without cells was fibrous, porous, and flat ([Figure 5C](#F5){ref-type="fig"}). On the contrary, the one with embedded cells had obvious folds ([Figure 5D](#F5){ref-type="fig"}). The macroscopic gel blocks corresponding to the two kinds of surfaces are shown in [Figure 5A](#F5){ref-type="fig"} and [B](#F5){ref-type="fig"}. From the enlarged images, it could be found that the surface morphology of the collagen gel blocks without cells was porous ([Figure 5E](#F5){ref-type="fig"}), and the surface morphology of the astrocytes embedded ones was almost non-porous, smooth and solid, and relatively ([Figure 5F](#F5){ref-type="fig"}).

![The surface of the collagen gel blocks on day 4. (**A**) Collagen gel block without cells. (**B**) Collagen gel blocks with astrocytes. (**C**) Scanning electron microscope (SEM) of the surface of collagen gel blocks without cells. Scale bar: 5 μm (**D**) SEM of the surface of collagen gel blocks with astrocytes. Scale bar: 5 μm. (**E**) Enlargement SEM of the surface of collagen gel blocks without cells. Scale bar: 1 μm. (**F**) Enlargement SEM of the surface of collagen gel blocks with astrocytes. Scale bar: 1 μm.](IJB-5-235-g005){#F5}

3.4 Effects of Astrocytes on Collagen Gel Blocks Cross Section {#sec2-9}
--------------------------------------------------------------

The cross-sectional morphology of collagen gel blocks of Group 0.5, Group 1, and Group 2 was examined by SEM ([Figure 6](#F6){ref-type="fig"}). After the embedded astrocytes were cultured for 1 day, the collagen fiber pores of the cross sections were observed. The pores of Group 0.5 (around 10 μm) were relatively larger than the ones of the other groups. On day 2, the collagen fiber pores shrank. Similar results were obtained after 4 days in culture; the collagen fibers were aggregated, causing the pores between the fibers to shrink further; Group 0.5 shrank to about 2 μm, Group 1 shrank to about 1 μm; and Group 2 shrank to about 0.5 μm. On day 8, the pores between collagen fibers of Group 2 were almost invisible, and the pores of the Group 0.5 and Group 1 samples could be seen, but they were small, both of them around 0.5 μm ([Figure 6](#F6){ref-type="fig"}).

![Scanning electron microscope images of cross sections of collagen gel blocks embedded in different concentration gradient cells. Arrows indicate the collagen fiber. Scale bar: 5 μm.](IJB-5-235-g006){#F6}

3.5 Compressive Elastic Modulus of Gel Blocks {#sec2-10}
---------------------------------------------

The modulus of the glial tissue increased with the increment of culture time. Moerover, the modulus of Group 2 tissue was larger than the other two groups. In the first 2 days, Group 0.5 and Group 1 collagen tissue modulus was close. On day 4, the modulus gap widened between the two groups. On day 8, the modulus of Group 0.5 and Group 1 returned to a relatively closed state ([Figure 7A](#F7){ref-type="fig"}). On the other hand, the modulus increased, with the increase of shrinkage rate. Overall, the Group2 modulus varied most greatly with the shrinkage. Therefore, it can be observed that for the same shrinkage change, the greater the concentration of the cells, the higher the increase of the modulus ([Figure 7B](#F7){ref-type="fig"}).

![(**A**) Compression elastic modulus of the collagen gel blocks changes with the increase of culture time. (**B**) Compression elastic modulus of the collagen gel blocks changes with the shrink of the blocks.](IJB-5-235-g007){#F7}

4. Discussion {#sec1-4}
=============

At present, the *in vitro* scar research model is limited to 2D models, and 2D culture does not characterize the culture environment *in vivo* well. In this paper, a 3D glial scar model of CNS *in vitro* was constructed using three different concentration astrocytes, and the changes of the cells and gel structure have been studied. The model can reflect the formation of glial scars from two aspects, cell and the macroscopic and microscopic perspectives of the model. From the cellular point of view, the cells proliferated and migrated. The study of proliferation and migration characteristics was carried out by adjusting the initial concentration of the cells embedded in collagen gel. We found that the higher the initial concentration and the more proliferation ability and interaction of the cells, the better for glial scar-like cluster formation. [Figure 8A](#F8){ref-type="fig"} shows this cluster formation, which is similar to the results of literature\[[@ref20]\]. In this reference, the authors carried out the coculture of meningeal fibroblasts and cerebral astrocytes with TGF-β1 to form a scar-like structure. The model constructed in this paper reproduces the characteristics of glial scar clusters in 3D space ([Figure 8B](#F8){ref-type="fig"}), which has advantages compared with 2D cell growth\[[@ref23],[@ref24]\]. In addition, the morphology of the cells embedded in collagen gel block at the concentration of 2 × 10^6^ cells/mL is hypertrophic, hyperplastic, and deformed ([Figure 9](#F9){ref-type="fig"}), and the similar phenomenon occurs during the glial scar formation. That is to say, the model constructed by us has similar characteristics to the glial scar in terms of cell morphology\[[@ref19]\], which further proves that the tissue model has the potential to form glial scars.

![(**A**) Glial scar-like cluster formed by astrocytes aggregation in three-dimensional collagen gel tissue, cells stained with glial fibrillary acidic protein (green) for astrocytes, DAPI (blue) for nuclei. (**B**) Images (depth decoding) of glial scar-like cluster. Different colors represent the different planes along the Z-axis, Scale bars: 50 μm.](IJB-5-235-g008){#F8}

![The hypertrophic cytoplasm of astrocytes embedded in collagen gel on day 8, astrocytes were stained by glial fibrillary acidic protein in green, nuclei were stained by DAPI in blue, Scale bars: 50 μm.](IJB-5-235-g009){#F9}

From the macroscopic and microscopic point of view, the collagen gel block with astrocytes shrinks with the increase of culture time. However, the size of the collagen gel block without cells does not change significantly, the reason why the shrinkage of collagen gel is mainly related to the proliferation and migration of astrocytes, which are similar to the glial scar formation in the CNS *in vivo*\[[@ref12],[@ref18]\]. In addition, the gel shrinking in culture is similar to the phenomenon of fibroblast collagen gel tissue\[[@ref25]\], which is related to the formation of scars, wound repair, and filling. Thus, the proposed 3D collagen gel tissue constructed with astrocytes has scar formation properties, and the glial scars are mainly produced by astrocytes. It is quite coincidental that the similar phenomenon of tissue shrinking also occurs in the brain of a Sorex araneus. Scientists have discovered that the skull of the Sorex araneus pup shrinks in the late summer, as well as the brain, whose weight is also reduced. During the winter, the part of brain lost can grow back partly. This phenomenon is called Dehnel's phenomenon\[[@ref26]-[@ref28]\]. It is similar to the results of this article, occurring in the brain. To a certain extent, it may provide some reference for the study of brain plasticity and evolution. It may have a certain value for reference to the study of brain plasticity and evolution.

On the basis of this shrinkage, the folds can be found on the surface of the block, and the pores are reduced with the increase of culture time. Tallinen *et al*.\[[@ref29]\] used a similar principle to construct a fold model of the human brain from a macro perspective. At this stage, the cells traction caused the deformation of the extracellular matrix\[[@ref30]-[@ref32]\], resulting in a stronger collagen fiber aggregation. With different initial cell concentrations, the degree of reduction is also different. The higher the concentration, the more cells proliferate and migrate, and the more seriously the gel tissue shrinks. The collagen gel with astrocytes shrinks due to cell proliferation and migration. Consequently, the collagen fibers gradually extrude each other, the surface pores disappear, and the fiber pores decrease. Meanwhile, the surface of the collagen gel is deformed to form a relatively solid and wrinkled surface because of the movement of the cells. The process of gel contraction is similar to the course of wound healing\[[@ref33]\]. The force produced by cell proliferation and migration does not affect the collagen gel without cells. Hence, the surface remains flat and porous. In addition, the shrinkage rates of blocks with different concentration astrocytes were relatively similar on day 8, but the moduli of them were quite different. This indicates that the concentration of cells also has a certain effect on the modulus when the collagen gel shrinks. The higher the cell concentration, the larger the collagen tissue modulus. From this, the reason for collagen gel macroscopic and microscopic size-changing can be inferred ([Figure 10](#F10){ref-type="fig"}). The results of the experiment can demonstrate that the model we constructed can form glial scars.

![The reason for collagen gel block size changing from macroscopic and microscopic.](IJB-5-235-g010){#F10}

5. Conclusion {#sec1-5}
=============

In this study, a 3D astrocytes model with collagen gel *in vitro* has been constructed. This model shows the characteristics of the glial scar (hypertrophy and hyperplasia). The constructed 3D model reveals overall shrinkage with the prolongation of culture time. On the other hand, the shrinkage rate and compression elastic modulus are positively correlated with the culture time and cell concentration, because of the migration and proliferation of astrocytes. The construction method of the 3D tissue studied in this paper can be used to create *in vitro* glial tissue models, which can be useful for the study of glial scar and related brain diseases.
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